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We predict the possibility of sharp, high-contrast reso-
nances in the optical response of a broad class of systems,
wherein interference eects are generated by coherent pertur-
bation or interaction of dark states. The properties of these
resonances can be manipulated to design a desired atomic
response.
The phenomenon of \dark resonances" or coherent
population trapping [1] is by now a well known con-
cept in optics and laser spectroscopy. It is a basis for
such eects as electromagnetically induced transparency
(EIT) [2] and its applications to nonlinear optics [3], las-
ing without inversion [4], the resonant enhancement of
the refractive index [5,6], adiabatic population transfer
[7], sub-recoil laser cooling [8] and atom interferometry
[9].
The essential feature of dark resonances is the exis-
tence of quantum superposition states which are decou-
pled from the coherent and dissipative interactions. As
a general rule, interactions involving such a \dark state"
lead to decoherence and are undesirable. In the present
paper we demonstrate a new and qualitatively dierent
approach to these problems. The present approach in-
volves multiple quantum superposition states that are
coupled and interact coherently. We nd that such inter-
acting superpositions can be used, in many instances, to
mitigate various decoherence eects and to enlarge the
domain of dark-state based physics.
In particular, we show that coherent interaction leads
to a splitting of dark states and the emergence of novel,
sharp spectral features. While separate parts of the re-
sulting optical response can be explained in terms of dif-
ferent, appropriately chosen superposition basis, their si-
multaneous presence and hence the \double-dark" reso-
nance structure as a whole is a denite signature of a new
type of quantum interference eect. The phenomenon of
interfering double-dark states is very general and occurs
in a broad class of multi-state systems. The eect can
be induced, for example, by a microwave eld driving
a magnetic dipole transition, by optical elds inducing
multiple two-photon transitions, by a static eld, or by
a non-adiabatic coupling mechanism in time-dependent
laser elds [10].
We show that the new resonances associated with the
double-dark states can be made absorptive or transparent
and their optical properties such as width and position
can be manipulated by adjusting the coherent interac-
tion. Furthermore, a very weak incoherent excitation of
the atoms can be sucient to turn the absorption into
optical gain. We anticipate that such \designed" atomic
response can be of interest in areas as diverse as enhance-
ment of optical activity in dense media, high resolution
spectroscopy, quantum well lasers, and quantum compu-
tation.
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FIG. 1. (a) Four state system displaying double-dark
resonances. Unitary equivalent systems: (b) corresponds to
generic model Fig. 1a after diagonalizing the interaction with
the coherent perturbation 

c
(states jc
1
i and jc
2
i correspond
to (jcijdi)=
p
2, respectively) and (c) after diagonalizing the
interaction with the drive eld 
 (states ja
1
i and ja
2
i cor-
respond to a pair (jai  jci)=
p
2 displaying Fano interference
due to spontaneous emission) (d) Dressed state picture corre-
sponding to the Figs. a,b,c.
The basic physical mechanism leading to the novel re-
sponse can be understood by considering the generic four-
state system of Fig.1a. Here a resonant driving eld and
a weak probe eld with Rabi-frequencies 
 and E cou-
ple two lower metastable states c and b with upper level
a and therefore form a simple  conguration. The re-
sulting dark state is coherently coupled by a real or ef-
fective coherent eld with Rabi-frequency 

c
to another
metastable state d. As noted above a variety of dierent
mechanisms can cause this coupling. This model is quite
general since it is unitary equivalent to a broad class of
other 4-state systems, some of which are shown in Fig.1.
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All of these schemes are described by the identical semi-
classical dressed-state picture (Fig.1d) , which provides
useful insight into the origin of the interference between
double-dark resonances.
Let us begin with the system of Fig.1a, in which all co-
herent processes are described - within the rotating wave
approximation - by the following Hamiltonian matrix
H
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turbation. The three dressed sublevels, generated by the
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, and we
have assumed a suciently large splitting between the
dressed state energies such that j
e


2
j := j

2
  
c
(
c
+

0
)j  

2
c
. Two of the dressed states, ji, corre-
spond, in the limit of vanishing perturbation 

c
! 0,
to the usual Autler-Townes dressed components split by
2
p


2
+
2
0
=4. Since both have a nite overlap with the
excited state jai, there is quantum interference in the ab-
sorption or spontaneous emission on the probe-transition
leading to a single dark resonance. The third dressed
state j0i coincides in this limit with the bare state jdi and
hence is decoupled from the system. This is no longer so
in the presence of a second drive eld 

c
. In this case
the dressed state j0i contains an admixture of jai and
thus has a non-zero dipole matrix element with ground
state jbi. From this coupling result transitions between
jbi and j0i corresponding to three-photon hyper-Raman
resonances as well as additional interference eects. The
latter lead to a new pair of transparency points, as shown
in Fig.2a.
Alternatively, the system can be analyzed by diago-
nalizing the interaction with the coherent coupling (

c
),
which leads to the system shown in Fig.1b. It corre-
sponds to a four-level system with two drive elds of
Rabi-frequency 
=
p
2 forming two dierent  subsys-
tems with lower states jc
1;2
i split by 

c
. In such a
system, the existence of two distinct dark resonances is
clear at hand, each corresponding to a two-photon res-
onance between jbi and states jc
1
i and jc
2
i respectively.
In this basis the central narrow structure is due to inter-
ference induced by the coherent interaction between the
two dark states.
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FIG. 2. Imaginary (solid lines) and real (dashed lines) parts
of the probe susceptibility in the units of = for a system of
Fig. 1a. Parameters are 
b
= 
c
= 
d
= , 
 = , 

c
= 0:2,
r = 
0
= 0, 
0
= 0. (a) 
c
= 0. (b) 
c
= . Case
(b) is the special case when the dressed energies intersect
(E(j i)  E(j0i)).
Hence, in either basis quantum interference is an es-
sential feature of interacting dark resonances. This quan-
tum interference combined with the possibility of tuning
the position of the state j0i and adjusting its coupling
strength allows one to \engineer" the atomic response.
We now discuss this in more detail.
To quantify the properties of double-dark resonances
we examine the response of the system (Fig.1a) using
the full set of density matrix equations. We assume a
weak probe eld, and begin with case when all atoms
are in ground state b . We also take into account transit-
time broadening with a corresponding rate 
0
. The linear
susceptibility is then given by:
 =
i  
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 
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 
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2
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2
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2
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where  = 
b
3N
3
=(8
2
), N is the atomic density and }
is the dipole matrix element of the probe transition. 
ij
are the relaxation rates of the respective coherences, and
 
ab
= 
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+ i,  
cb
= 
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+ i( 
0
),  
db
= 
db
+ i( 

0
 
c
).
It is instructive to rst examine the case of innitely
long lived lower level coherence, 
0
! 0. Fig.2 shows typ-
ical susceptibility spectra in the case of radiative broad-
ening for the system with weak coherent perturbation of
the dark state. We note that the original dark resonance
is split into a pair of dark lines. Indeed from Eq.(7) one
nds that the probe susceptibility vanishes at the two
frequencies:
 = 
0
+

c
2

s

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c
2

2
+ 

2
c
; (8)
i.e., coherent perturbation does not simply eliminate the
dark resonance, but rather splits it into two. These
2
two transparency points correspond, for resonant coher-
ent elds, to the dark states of the two  subsystems
of Fig.1b. In addition, a novel narrow feature emerges
which is superimposed on the original transparency line.
It is represented by the second term on the right-hand
side of Eq. (7). In the case of a suciently strong driving
eld such that j
e


2
j  

2
c
, this feature has an approxi-
mately Lorentzian lineshape with line-center and width
given by
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where j
e


2
+ 
ab

c
j  

2
c
is assumed. At  =

 the
susceptibility scales like  = =
ab
. That means that
the amplitude of the resonances created by the coherent
perturbation is of the same order as that of a fully reso-
nant two-level absorber. The position and width of the
absorption line can be manipulated by tuning (
c
) and
varying the strength (

c
) of the coherent perturbation.
The interference nature of the eect becomes most pro-
found for 

2
 
c
(
c
+
0
), i.e. when the energy of one
of the dressed states j+i or j i approaches the energy
of dressed state j0i. In this case the new feature turns
from a sharp Lorentzian absorption line into a trans-
parency line of width  2

2
c
(
0
+
c
)=(
ab

c
) close to
the point of three-photon resonance (see Fig.2b). Hence,
by proper tuning of the coherent perturbation the multi-
photon processes can be either resonantly enhanced or
completely eliminated. We emphasize that the ultimate
limit for the widths of the described high-contrast spec-
tral features in the limit of small Rabi frequency 

c
is
determined by the nite relaxation rate of the long-lived
coherences between the metastable states. It can there-
fore be extremely small compared to the width of the
optical transition.
We now extend our treatment to include the case when
some atoms are injected into one of the levels coupled by
the coherent perturbation, specically into the state jdi.
In a dressed state picture such injection implies the se-
lective population of the dressed state j0i, which may
result in optical gain or in an increase of the refrac-
tive index at the transparency point. In the following
we focus on the case, where the atoms are excited by
a weak incoherent pump rate r. Let us consider, for
example, the case when all elds are on resonance (i.e.

0
= 
c
=  = 0, see Fig.3a). Assuming, additionally,
a weak coherent perturbation and small ground state re-
laxation (
0
 j

c
j; r 
rad
) we nd that the absorptive
feature is turning into gain when
r 

b

d
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a
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)
0
: (10)
Since j

c
=
j
2
can be made very small, an incoherent
pump strength orders of magnitude smaller than nec-
essary to invert the optical transition is sucient to
produce gain. It is interesting to note that the upper
level population in this case is very small (
(0)
aa
 r=
b
).
Furthermore, double-dark lines can be used to create a
medium with an enhanced refractive index without ab-
sorption. To this end, it is favorable to produce a double-
dark line at a frequency where the refractive index is large
in the absence of coherent perturbation, i.e. in the vicin-
ity of the dressed states ji. This can be readily achieved
by tuning the coherent perturbation (see Fig. 3b).
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FIG. 3. Imaginary (solid lines) and real (dashed lines) part
of the susceptibility in the units of = for (a,c) optical gain
and (b,d) enhanced index of refraction without absorption.
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b
= 
c
= 
d
= , 
 = , 

c
= 0:01,

0
= 3r
b
= 3r
c
= 3r
d
= 0:0001, and r = 0:001, 
c
= 0 for
(a,c) and r = 0:0005, 
c
= 0:4 for (b,d).
Hence, the above considerations allow us to conclude
that using coherently coupled double dark resonances, it
is possible to eciently \engineer" the atomic response.
We now focus on some of the applications of such de-
signed atomic response. Consider, rst of all, the prob-
lem of optical activity enhancement in a dense medium,
and in particular, the enhancement of the refractive in-
dex without absorption. One of the major obstacles in
the realization of a large refractive index (i.e. of suscepti-
bility 
0
comparable to unity) in usual schemes [5,6] is the
requirement of a large excited state population density.
Excited state population and the corresponding energy
dissipation due to spontaneous emission represent an im-
portant limitation to the optical activity enhancement in
a dense, partially excited ensemble, as they lead to the
requirement of large continuous energy input, absorption
of coherence generating elds, superradiant decays, fre-
quency shifts and other decoherence eects. The poten-
tial advantage of using double-dark lines is that large sus-
ceptibility values can be achieved in dense media avoiding
the above mentioned problems. We note, for example,
that in the case depicted in Figs.3(b,d), the refractive
index at the point of vanishing absorption is comparable
to the maximum value obtained in a two level system in
the vicinity of an atomic resonance. It is obtained with
a very small excitation of atoms and correspondingly
small energy dissipation. The parameters used for the
3
present simulations correspond to a possible realization
of double-dark resonances within the Rb D
1
absorption
line using hyperne and Zeeman sublevels of the ground
state. Here a pair of optical elds can be used together
with an RF or a microwave eld to generate a double
dark line. The relaxation rate between metastable lower
levels in such a system can easily be within few kHz, be-
ing limited, in a dense medium, only by the very slow
dephasing due to spin-exchange collisions [15]. In this
case, atomic densities up to 10
15
 10
16
cm
 3
can be used
and a few centimeters of transparent Rb vapor with re-
fractivity 
0
 1 can be created [15,16]. This can be put
in prospective by noting that resonant 
0
 10
 4
was
observed in the experiment of Ref. [6] utilizing a -type
EIT scheme in Rb.
Furthermore, the narrow features associated with dou-
ble dark resonances can be of interest in high-resolution
laser spectroscopy. They can provide a sensitive tool for
direct measurements of e.g. strength of the coherent per-
turbation such as magnetic elds. High sensitivity can be
expected similar to EIT-based techniques [14] but with-
out the need for involved dispersive measurements, since
narrow double-dark resonances can be observed with a
large signal-to-noise ratio. Indeed, high-contrast narrow
features persist even in the presence of strong optical
elds and are not limited by power broadening.
Another interesting application of double-dark reso-
nances are unipolar and bipolar quantum well lasers.
Here the properties of double-dark resonances can pro-
vide a way to mitigate the problems associated with large
inhomogeneous broadening [19].
Finally, the possibility of using double-dark states in
adiabatic passage techniques [7] is intriguing, in that it
oers a way of a robust preparation and phase-sensitive
probing of arbitrary quantum superpositions of lower
states [17], which is of particular interest for quantum
computation [18]. This, as well as other applications of
double-dark lines will be addressed in detail elsewhere.
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